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l"nsaturated Performance Comparison of Compacted Clay Landfill Liners 
Carol J. \liller 1• Saad \1erayyan ,
and \lazli Yesillec •
Ahsr,.uC! 
rests were conducted to determine the variation in volumetric ,vater content 
and pore \\ater suction for a variety of compacted clay soils used in the construction of 
landfill liners. The fit of the experimental data to an existing parametric model was 
imestigated for two different fitting techniques. The first technique involvcs the use of 
the rl.?tention curve computer program (RETC) developed for the U.S. EPA. The 
second technique employs the Solver subroutine included in Microsoft Excel. The 
parametric models resulting from either technique correlated well to the experimental 
data, HO\\evcr. the individual curve fit parameters varied significantly. The effect of 
these variations on the unsaturated behavior of compacted clay liners \\as e\aluatl.?d 
using the Hydrologic Evaluation of Landfill Performance (HELP) model. The curve fit 
parameters resulting from both the RETC and the Solver techniques were used as input 
to the HELP routine for simulation of variably saturated now through a covcr liner. 
There were no significant differences in the volume of leakage or rate of leakage 
predicted using the input from the t\,;o curve-fitting techniques. However. there was 
significant soil-dependent variation in the HELP output. Examination of the HELP 
output provides information regarding variation in the volumetric water content of the 
cover liner soil. This information can be used to predict pore water suction variations 
and susceptibility to desiccation cracking. 
Illlrtld
llclil117 
Ihe prim
al') 
ru
n
ction 
of a c
o
v
e
r liner at 
a landlill is to lim
it the 
m
igration of 
m
oisture to 
the 
u
nderlying 
w
aste. thereby 
reducing the 
v
olum
e 
and 
rate 
of leachate 
production. C
'm
er liners 
arc 
co
n
structed 
at 
v
olum
etric 
w
ater 
co
ntents less than the 
saturated v
alue, and during the liiC of the c
o
ntainm
ent system
 m
oisture is added to and 
re
m
o
v
ed from
 the c
o
v
e
r liner. 
Therefore, it is expected that for at least a portion of it's 
liiC. the co
v
er liner w
ill be operating in an 
u
n
saturated m
ode. 
The governing equation 
for Ilovv through a v
ariably saturated liner, a
ssu
m
ing o
n
e
-dim
ensional. v
ertical n
o
w
 is: 
(I) 
vvhere t is the tim
e (sec): z is the elevation assu
m
ed positive upw
ard: 
Iji is pore w
ater 
su
ction head (m): 
I\. 
t;J 
is 
u
n
saturated hydraulic co
nductivity (m 
sec· I ): and c(1JI) is 
specific V\(lter 
capacity (m· I ). 
('(w)relates pore 
w
ater 
su
ction 
to 
v
olum
etric 
w
ater 
co
ntent and is 
equivalent to the 
slope 
of the 
soil-w
ater characteristic cu
rv
e (SWCC). 
The data 
n
ecessary to 
co
n
struct 
a s
w
e
e
 is typically determ
ined 
u
sing pressure plate 
apparatus (ASTM
, ](94). 
The resulting data can
 be fit to e
xisting param
etric m
odels 
of the S\VeC
 (Brooks 
and Corey, 
19M
: Fredlund 
and X
ing, 19(4). 
O
ne 
co
m
m
o
n
 
m
odel is the v
an
 Crenuchten (van Crenuchten. 19XO) equation: 
(2) 
\\ here thl' optim
ized paran1l'ters arc 0,. 0,. a. 
n. and 
m
. 
The etrect o
r the param
eters a, 
n, 
and 
m
 o
n
 the shape of the S
\V
ee is provided by I.eong and R
ahardjo (] 9(7). 
Van 
(Jenuchten (] 9XO) 
suggested 
a 
sim
plirying 
relation hetw
een the param
eters 
m
 and 
n
 
(i.e
.
.
 
J1l 
I-lin). 
llow
e\er. in the present investigation the param
eters J1l 
and 
n
 are 
a
ssu
m
ed to be independent for m
o
re flexibility in the cu
rv
e-fitting procedure. 
The Sw
ce 
can
 be 
u
sed 
to 
provide insight 
to 
the potential 
for desiccation 
crackin~
 of a c
o
v
e
r liner soil. Durin~
 desiccation, the saturation of a liner is 
reduced,
L 
and the 
rem
aining pore w
ater is helll at increasingly large su
ctions. 
If the 
v
olum
etric 
w
ater c
o
ntent is kncm
n, o
r has been predicted, the Sw
ee can
 be u
sed to determ
ine the 
pore \\ater su
ctions c
o
rre
sponding to the know
n 
v
olum
etric 
w
ater ('()I1tenl. 
Previ~us
 
research (M
iller et al.. 199R) has show
n that the o
n
set and resultinl..'. am
o
u
nt of crackm
g 
is COlTl'lalL'd to 
a soil-speci lic 
critical 
su
ction level. 
llence the J;axim
um
 pore w
ater 
su
ction 
e
xpected in 
the 
c
o
n
'!' liner 
can
 he 
co
m
pared to 
the 
critical 
su
ction level to 
e
stim
ate su
scl'ptibility to desiccation cracking. 
rhe Iandlill 
c
o\er liner problem
 is 
n
ot the o
nly en
vironm
ental 
application t~at
 
requirl's 
m
odeling or u
n
saturated co
nditions. A
 sim
ilar problem
 il1\olves su
rfilce spdl s 
that 
m
igrate throut'h the 
u
n
saturated 
zo
n
e tow
ards an 
u
n
co
nlined 
aquifer. 
In general, 
the 
solution 
o
r pollutant 
m
igration 
through 
the 
u
n
saturated lone is 
a 
m
u
eh 
m
o
re 
difficult prohlem
 than c
o
ntam
inant transport through the 
aquifer. 
In the 
aquircr, the 
pore w
ater prcssure is linearly related to depth helow
 the fi'ee surt~\ce
 
and the hydraulic 
co
nductivity is a
ssu
m
ed co
n
stant. 
Ilov..ever. in the v
adose lone. the presence o
r the air 
phase 
im
pacts 
the 
relationship hetw
een pore 
w
ater pressure 
and 
v
olum
etric 
w
ater 
co
ntent. as w
ell as hydraulic c
o
nductivity and v
olum
etric w
ater co
ntent. 
This 
study 
w
as 
c
o
nducted 
to 
il1\estigate 
the 
im
pact 
of 
v
ariations 
in 
thl' 
characteri/ation of the u
n
saturated hehavior of a C
O
\l't" liner soil o
n
 the perform
ance of 
that liner. 
The liner perform
ance \\as 
ev
aluated 
u
sing 
w
ater halancc 
o
utput fi'om
 
a 
landfill sim
ulation m
odel. 
M
ateria/.\ 
u
nd ;\!<.'I!lOds 
Thc m
aterials u
sed in this study co
n
sist o
r six clay soils u
sed as landfill c
o
v
e
r 
liners at live m
u
nicipal solid 
w
aste Iandlills in the m
ctropolitan D
etroit vicinity. 
O
ne 
of the sites had tw
o active ex
cav
ation regions, yiclding tw
o distinct clay soils. 
Sam
ples 
of the liner m
aterials w
ere retrieved 
from
 the ex
cav
ation areas u
sed as horrow
 soUt"Ces 
for liner c
o
n
struction 
at 
each 
site. 
Tahle I provides 
a 
su
m
m
ary o
r the geotechnical 
characterization ofcach soil. 
In suhsequent discussions. the six soils w
ill he referred to 
u
sing the n
u
m
erical designation provided in colum
n o
n
e of this tahlc. i.e. the clay liner 
from
 A
uhurn 1fills \vill he designated Soil 1. 
lahle 1 
-Cieotechnical C
haracteri/ation of the Clay s 
M
ax 
D
r: 
O
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D
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M
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N
ote: 
Soil 
designations 
1-6 
refer 
to 
soil 
from
 
the 
follow
ing 
locations 
A
uburn 
Ililis. 
W
oodland 
M
eadow
s (brown 
clay). W
oodland M
eadow
s (gra: 
clay), Lvergreen. Canton. 
and Sm
ith's Creek (vvith 
.:2 s"" bv 
w
eight benton ill' added l. respect iv
el: 
A
lthough m
ineralogical an
alysis w
as n
ot includcd in the scope o
r thi.s research. 
previous investigations (Salim et 
al.. 199h) suggest that the 
m
ineralogical 
m
ake·up of 
clay 
soils in 
so
uthern \:1ichigan 
arc Llirly 
sim
ilar and that 
site-specific 
m
ineralogical 
an
alysis 
m
ay hl' 
u
n
w
arranted. 
A
 typical 
m
ineralogical 
c
o
m
position 
show
s the 
cia) 
li'action 
to he dom
inated h) 
three 
m
inerals \vith ()()(y;) illite. 
12°/i) K
aolinite. 
and 
()Oo 
chlorite. 
V
olum
etric 
prcssure platc 
and 
pressure 
m
l'm
brane 
e
xtractors 
w
ere 
u
sed 
to 
determ
ine 
the 
soil-\vater 
characteristic 
c
u
rv
e
 (S\VCC) during 
the drying 
cycle for 
re
m
olded 
sa
m
ples of e
a
ch 
of the 
six 
soils. 
The 
m
ethodology is described in A
STM
 
Standards 
02325 (!\STM
. 
1993) 
and 
03152 (!\STM
. 
1(94) 
for 
the 
plate 
and 
m
e
m
brane apparatus. respectively. The sa
m
ples w
ere re
m
olded u
sing m
odified Proctor 
c
o
m
pactive 
effort 
at 
m
oisture 
c
o
nditions 
approxim
ately 2(/1) 
w
et 
of optim
um
. 
The 
v
olum
etric w
ater c
o
ntents w
ere u
sed together w
ith the applied su
ctions to develop the 
SW
C
C
s. Data 
c
ollected 
w
a
s fit 
to 
the 
m
odels described by 
rq. 2. 
!\n 
optIm
Ization 
ro
utine w
a
s u
sed to lit the param
etric m
odels to the m
e
a
su
red data by altering the fitted 
param
eters u
sing an iterative process u
ntil the diJTerenee hct\veen the predicted SW
CC 
and the m
e
a
su
red data \\as m
inim
i/ed. 
The quantity to lx' m
inim
i/ed is the Sum
 of the 
Squared R
esiduals (SSR): 
/I 
SSR= 'w(e 
.
-e
.) 
(3)
~
 
I
.
 
III 
C
I 
w
here \\, is the w
eighting Llctor w
hich is 
equal to 1.0. 0\\1 is till' 
m
e
a
su
red v
olum
etric 
\vater 
c
o
ntent. 
v
vhich 
is 
delined 
as 
0\\1 
nS (n=soil 
porosity 
and 
S=saturation 
c
o
rre
sponding to 0\\1). 
a
nd OCi is 
the 
c
alculated 
v
olum
etric 
w
ater 
c
o
ntent from
 
each 
m
odel. 
The 
m
inim
i/ation process for SSR
 \vas perform
ed 
u
sing tw
o techniques: 
a 
standard 
statistical 
packagl: 
included 
w
ith 
M
icrosoft 
L
xccl' 
and 
an
 
optim
ization 
package developed 
specifically 
for 
this 
purpose hy 
v
an
 
Cienuchten 
et 
al. (1991). 
Iktailcd 
inform
ation re~ardinl!
 the 
c
u
n
e
 
lit 
tl)], 
each 
soil 
and 
each 
optim
ization 
technique is presented il; Tabl~
 2. 
In 
all 
cases. the SSR
 is less than I(r
l 
•
 
w
hich is 
sim
ilar to 
the SSR
 
v
alues 
ohtained by 
I.eong 
and 
R
ahardjo (1997). 
Each 
of the 
optim
i/.ation 
approaches provides 
an
 
a
c
c
eptable 
lit 
to 
the 
e
xperim
ental data. 
w
ith 
sim
ilar 
v
alues 
of the 
SSR
. 
The 
individual 
c
u
rv
e
 
lit 
param
eters. 
how
ever. 
v
ary 
significantly betw
een approaches. 
rahlc 2 
\an (,enllchten C
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eters 
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O
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R
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O
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0
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U
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R
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It 
w
as 
observed that the hest-fit 
saturation 
vo lum
ctrie \vater 
co
ntent (0:) 
w
as 
relatively independent of the approach u
sed. although there w
as significant v
ariation in 
The 
m
a
xim
um
 v
ariation in 0, hctvveen 
optim
ization
the v
alue betw
een the 
six 
soils.
 
techniques 
w
as 5°'0 for Soil 
I. 
The 
m
axim
um
 
v
ariation in 0, a
m
o
ng the 
soils 
w
as
 
I-'or 
a
greater 
than 
100%
. 
representing 
the 
v
ariation hetw
een Soil 
1 
and Soil 6.
 
saturated 
soil. the 
saturated v
olum
etric 
w
ater co
ntent. 8,. is 
equal to the 
soil porosity.
 
Thus. it w
as expected that there w
o
uld he significant v
ariation in 0, a
m
o
ng the soils.
 
lhe 
optim
ized 
v
alue 
of the irreducihle 
v
olum
etric 
w
ater 
co
ntent. 
t)r. 
show
ed 
greater 
v
ariation hetw
een techniljues than 
the 0, 
v
ariation. 
The 
v
ariation hetw
een 
optim
ization m
ethods w
as o
n
 the o
rder of 15%
 for all soils. w
ith the ex
ception of Soil 3 
which show
ed a m
u
ch greater dependence o
n
 optim
ization technique and a v
ariation o
n
 
the o
rder of 100%
. 
The v
ariation in Or hetw
een soils w
as o
n
 the o
rder of 50 0/1}. ex
cept 
for Soil 3 w
hich exhihited a Or m
u
ch less than the others. 
The other cu
rv
e tit param
eters: 
a. 
n. 
and 
m
 represent the 
shape and ofT'iets of 
the SW
CC. 
These param
eters. 
especially the latter tvvo. 
show
 
significant 
v
ariation 
between 
soil types and hetw
een optim
i/.ation approaches. 
H
ow
ever. the cu
rv
e shapes 
that 
result from
 the tw
o 
approaches 
appear \ery sim
ilar. 
as 
show
n in Figure 1. 
The 
fhe sim
ilarities observed
param
eter set defining the shape of the SW
C
C
 is n
ot u
nique. 
in the SW
C
C
s from
 
the tw
o techniques 
suggests that the 
added 
eflrlrt in 
u
sing the 
RETe program
 is 
u
n
w
arranted. 
O
peration of the R
I:TC 
reljuires know
ledge in D
O
S 
and Fortran form
atting of input tiles. 
O
n the other hand. the Solver subroutine does n
ot 
require form
atted input and has a W
indow
s interj~lCe.
 
M
odeling of n
o
w
 in the u
n
saturated lone requires input of the SW
C
c. u
su
ally 
in a form
 
sim
ilar to that in Eq. 2. along w
ith the asso
ciated cu
rv
e tit param
eters (0,. l\. 
a. n. 
and 
m
. in this case). 
Therefore. it is expected that alternative data sets for these 
This hypothesis is tested 
u
sing the
param
eters 
w
ill 
result in 
v
ariable 
m
odel 
o
utput.
 
HELP m
odel for prediction of landfill co
v
er liner per!rm
nance.
 
Leakage !>redic!iol7s 
The 1IELP 
m
odel (Schroeder et 
al.. 1994) 
w
as 
u
sed to 
sim
ulate the 
v
ariably 
area.
saturated 
co
nditions in 
a hypothetical landfill 
co
v
er liner 
of o
n
e 
acre sur!~lCe
 
H
U
.p 
is 
a 
c
o
m
puter program
 developed by 
the 
U
.S. 
A
rm
y 
Engineer W
aterw
ays 
The 
m
odel includes
Experim
ent Station for the 
an
alysis 
of a landfill 
w
ater budget. 
precipitation. 
su
rface 
ru
n
off ev
apotranspiration. 
and 
sn
o
w
 
m
elt in 
calculation of the 
Sik 
w
ater hudget. 
Excess 
m
oisture 
acts 
as 
additions to 
soil 
m
oisture 
storage in the 
Cover soil 
w
hik m
oisture deficits 
reduce 
soil 
m
oisture storage in the co
v
er soil. 
lhe 
m
odel sim
ulates four di Iferent types of soil laycrs. subdivided based o
n
 their functions: 
V
ertical percolation layers. lateral drainage layers, harrier soil liners. and 
co
m
bination 
geom
em
hrane/harrier 
soil 
liners. 
The 
transport 
process 
lr)r 
each 
layer 
is 
o
n
e­
dim
ensional. 
The m
odel sim
ulates quasi-steady state and quasi-tw
o-dim
ensional flow
 
(Khanbi Ivardi l't a!" 1(95). 
The 
landlill 
c
o
v
e
r 
system
 \Vas 
m
odeled 
sim
plistically 
as 
a 
t\V
o-com
ponent 
system
, c
o
m
prised of a 60 cm
 thick upper sandy layer above a 90 cm
 thick co
m
pacted 
clay layer. 
The upper sandy layer w
as 
m
odeled as 
a \'crtical percolation layer of 60 
cm
 thickness w
ith good v
egetative co
v
er, a su
rLlcc slope of ](1'0 and slope length of 305 
m
eters. 
The ru
n
-ofT cu
rv
e n
u
m
ber c
o
rre
sponding to these surf~Ke
 layer co
nditions w
as 
determ
ined internally in IILLP to be 67. 
The clim
atological co
nditions (precipitation, 
tem
perature, and 
solar radiation) sim
ulated \vere those included in the IIELP database 
as 100 years synthetic data for D
etroit. 1\11. 
It is typical to designate a c
o
m
pacted clay liner as a harri£'!' soil lay£'!' for IIELP 
!l1odeling. 
Ilow
ever. 
the harrier 
soil 
layer 
m
odule 
assu
m
es 
the 
c
o
v
e
r liner to he 
saturated for the entire sim
ulation. 
Therefore, for all 
ru
n
s perform
ed, the 90 cm
 thick 
clay 
layer 
w
as 
sim
ulated 
as 
a 
v
ertical percolation layer 
w
hich 
allow
s for 
v
ariably 
saturated co
nditions. 
Ihis approach allow
ed the 
u
se of the SW
C
C
 param
eters fur the 
Cover liner 
and flennitted 
the 
sim
ulation 
o
r v
ariahly 
saturated 
c
o
nditions \vithin the 
Cover liner. 
The saturated hydraulic c
o
nductivity and the v
olum
etric saturated w
ater co
ntent 
(or porosity) u
sed for each soil w
as that provided in Tables 1 and 2. 
respectively. 
The 
initial 
m
oisture 
co
ndition for 
all 
sim
ulations 
c
o
rre
sponded 
to 
a 
co
n
stant 
m
oisture 
profile throughout the 
clay liner. w
ith the 
v
olum
etric w
ater co
ntent equal to the field 
capacity. 
The field 
capacity is defined as the v
olum
etric w
ater co
ntent at a pore w
ater 
su
ction of 0.33 8ar w
hile the 
w
ilting point is the 
v
olum
etric w
ater co
ntent at 15 Bar 
(Schroeder et al.. 1994). 
The v
olum
etric w
ater co
ntents c
o
rre
sponding to these pore 
w
ater su
ctions w
ere determ
ined u
sing the R
LTC and Solver best-fit techniques for the 
v
an
 G
enuchtcn form
ulation of the SW
C
C
 (Eq.1) for 
each of the six co
v
er liner soils. 
These v
alues are provided in Table 3. The u
n
saturated characteristics determ
ined u
sing 
the tw
o cu
rv
e fitting techniques w
ere u
sed to test the sen
sitivity of m
odel results to the 
c
u
rv
e
-lit procedure 
adopted. 
In 
each 
c
o
m
parative 
ru
n
. the 
o
nly input param
eters 
v
aried 
w
ere the field 
capacity and 
w
ilting point. 
A
ll 
other quantities rem
ained at the 
base ru
n
 v
alues. 
Table 3 ~
 Input Param
eters for IILLP Sim
ulation 
Soil 
Tcchniquc 
Fe 
W
P 
Solver 
0.2203 
0.1475 
1 
RETC 
0.21 R5 
0.1470 
Solver 
03351 
0.2519 
:2 
RETC 
03351 
0.2514 
Solver 
0.3039 
0.2248 
3 
RETC 
0.3023 
0.2259 
4 
Solvcr 
0.3] 30 
0.2116 
RETC 
0.3123 
0.2104 
Solver 
0.3480 
0.2700 
5 
R
ETe 
0.3472 
0.2700 
Solver 
0.5512 
0.3810 
6 
RETC 
0.5514 
0.3855 
R
esults (//7d D
iscussio/7 
Figure 2 show
s the c
u
m
ulative leakage o
v
er a live year period for 
each o.f the 
c
o
v
e
r liners sim
ulated u
sing the IIELP m
odel w
ith the Solver param
eters. w
hile Figure 
3 
show
s 
sim
ilar inform
ation for IIU
J) 
ru
n
s 
u
sing the R
E
T
e param
eters. 
Tabl e
.
 
presents the c
u
m
ulative o
utput at the end of the five year sim
ulation for each of the SiX 
c
o
v
e
r liners and both c
u
rv
e
-litting techniques. 
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hgure 3. 
Leakage from
 each Soil Liner U
sing the RF rc Param
eters 
V
ariation due to soil type 
A
lthough the 
cu
m
ulative leakage 
v
aries betw
een 
soils (Table 
-+), the 
m
o
nthly 
For all 
soils, the leakage w
as greatest during
patterns 
arc 
sim
ilar (Figures 2 and 3).
 
m
o
nths 17, 19, and 28. 
The leakage did n
ot reach steady state co
nditions during the 60
 
m
o
nths sim
ulated. 
I'or the entire period of the sim
ulation, leakage through the 
co
v
er
 
liner co
n
structed w
ith Soil 6 w
as significantly less than that of the other co
v
er liners.
 
At the end of the sim
ulation period. the leakage through Soil 6 w
as approxim
ately 60
1y<)
 
less than any of the other c
o
v
e
r liners. 
The dim
inished leakage can
 be attributed to a 
v
a
ridy of factors. including the decreased v
alue of saturated hydraulic co
nductivity for 
Soil 6 and the 
shape of the SW
C
C
 (suctions increase significantly as the 
v
olum
etric 
w
ater c
o
ntent is 
reduced). 
The leakage through Soil 5 e
x
c
e
eded that of all other soils 
c
o
n
sidered in the sim
ulation. 
The v
ariation in leakage predicted in these sim
ulations is 
sim
ilar to that reported by K
hire et a!. (199S). 
Table 4 
W
ater B
alance C
om
ponents from
 IIE
LP
 Sim
ulation 
CU
lllulative O
utput (111) 
Soil 
)7]2 
Leakage 
2097 
ET 
RU
lloff 
IA
 71 I
L'l Storage 
-0.0358 
.)038 
2007] 
IA
714 
I 
0.0379 
-
-
-
_
.
_
~
.
~
-
R
fT
C
 
.)811 
2.0)67 
1.4706 
-0.0016 
Solver 
.5865 
2.0567 
IA
706 
-00075 
R
fT
C
 
.)941 
20693 
14789 
-0.0387 
Solver 
.5630 
20693 
-0.0047 
.
_
-
-
R
IT
e 
A.l11 
2.2078 
IA
730 
-0.0057 
Solver 
A
238 
2.2078 
2(43) 
2.043) 
2.3900 
6 
2.3946 
(he 
c
u
m
ulative 
e
v
apotranspiration 
and 
ru
n
-off also 
arc 
soil-dependent. 
The 
e
v
apotranspiration c
o
m
ponent of the w
ater balance w
as greatest for Soil 6. 
Soil 6 w
as 
Inost 
su
ccessful 
at 
preventing 
m
oisture 
m
o
v
e
m
e
nt 
through 
the 
c
o
v
e
r liner. 
w
hich 
increased the 
m
oisture 
av
ailable for 
ev
apotranspiration. 
Surface 
ru
n
off w
as 
alm
ost 
identical for 
all 
soils. 
This is e
xpected due to the identical 
ru
n
off cu
rv
e n
u
m
bers and 
precipitation history that w
ere u
sed in sim
ulating all six co
nditions. 
V
ariation dUl' to optim
ization tt:chnique 
D
ifferences in the predicted leakage due to the optim
ization technique adopted 
for 
the 
cu
rv
e-fitting 
ro
utine 
w
ere 
n
ot 
significant. 
The 
m
a
xim
um
 
v
ariation in 
the 
predicted 
leakage 
betw
een 
the 
tViO 
techniques 
o
ccu
rred 
for 
Soil 
1 
and 
w
as 
approxim
ately 
1JIYtl. 
The 
e
v
apotranspiration 
and 
ru
n
off c
o
m
ponents 
of the 
w
ater 
balance \\etT n
ot affected hy the optim
i/.ation technique. 
M
oisture Iluctuations 
The IlL! Y 
m
odel does 
n
ot provide direct o
utput of the 
calculated 
v
olum
etric 
w
ater 
c
o
ntent 
changes in the 
co
v
cr liner 
soiL 
ex
cept 
o
n
 
an
 
an
n
u
al hasis. 
M
onthly 
changes in soil m
oisture storage w
ere c
alculated u
sing the w
ater halance equation: 
f., Soil M
oisture 
=
 P
-
RO
-
FT
-
L 
L'1SW
 
(4) 
w
here 
the quantities 
o
n
 
the 
right hand 
side 
of the 
equation 
reflect the 
c
u
m
ulative 
m
o
nthly 
v
alues 
of precipitation, 
ru
n
ofr, 
ev
apotranspiration. leakage, 
and 
change in 
snovv 
w
ater, 
respectively. 
The 
sn
o
w
 
w
ater term
 
acco
u
nts for 
that portion 
of the 
precipitation 
o
c
c
u
rring 
w
hen local tem
peratures 
are helow
 freezing. 
C
hanges in the 
v
olum
etric w
ater co
ntent of the clay c
o
v
e
r liner w
ere calculated for Soil 1 and 6. 
The 
v
ariation o
n
 a m
o
nthly basis is show
n in hgure 4. A
lthough hoth soils w
ere subjected 
to identical clim
atological co
nditions. the resulting m
oisture states w
ere v
ery dilTerent. 
The 
v
olum
etric 
w
ater 
co
ntent 
spans 
signilicantly difkrent 
ranges for the tw
o 
soils. 
The 
v
olum
etric w
ater co
ntent for the c
o\er liner u
sing Soil I v
aries hetw
een 0.15 
am
I 
0.24 
w
hile this 
range for Soil 6 is hetw
een 0.50 
and 0.55. 
Soil 6 
w
as 
m
u
ch 
m
o
re 
efTective at prevcnting leakage, and thus a signiticantly larger fraction of the av
ailable 
m
oisture 
w
as 
stored 
above 
the 
liner 
to 
m
eet 
the 
e
v
apotranspiration 
dem
ands. 
Therefore, the liner c
o
n
structed w
ith Soil 6 m
aintained c
o
m
paratively higher v
alues of 
v
olum
etric w
ater c
o
ntent than SoilS. w
hich allow
ed greater leakage. 
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Figure 4. 
V
olum
etric W
ater C
ontent Fluctuations in the Soil C
over Liner 
llsing the S~('C.
 the 
v
olum
etric w
ater co
ntents of Fig. 4 can
 he co
n
v
erted to 
v
alues of pore w
ater su
ction. 
Previous research hy the authors (M
iller et al.. 1998) has 
show
n that the o
n
set of desiccation cracking 
m
ay he 
related to 
a soil-specilic critical 
su
ction v
alue. 
If that v
alue is know
n for the co
v
er soil u
nder investigation. it v
m
uld he 
possihle to 
u
sc the IIELP o
utput to determ
ine the likelihood that the 
c
o
v
c
r liner w
ill 
e
xperience su
ctions equal to o
r greater than the critical v
alue. 
W
ith this inform
ation, it 
\vould be possible to predict the 
o
n
set of desiccation 
cracking. 
For ex
am
ple, if the 
critical 
su
ction is determ
ined to be 200 kPa for Soils 1 and 6, the H
ELP 
sim
ulation 
suggests that Soils I and 6 are subjected to desiccation cracking 2°;() 
and 12%
 of the 
tim
e,respecti\ely. 
Further details 
regarding 
m
oisture 
co
nditions 
w
ithin the 
c
o
v
e
r liner 
soil 
are 
provided in Tahle 5. 
A
lthough Soil I experienced significantly low
er v
olum
etric w
ater 
c
o
ntents than Soil 6, it did 
n
ot ex
ceed the critical 
su
ction as frequently 
as did Soil 6. 
Therefore. it is 
expected that Soil 6 is 
m
o
re 
su
sceptihle to desiccation cracking than 
Soil 1. 
Ilow
C
\er. this lim
ited an
alysis provides no m
ethodology to predict the extent of 
cracking. 
Tahle 5 
-
D
etails R
egarding M
oisture C
onditions h1countered in Clay C
over Liner 
Soil 
M
inim
um
 
M
axim
um
 Pore 
';0 of Tim
e 
%
 of Tim
e Critical 
V
olum
etric W
ater 
W
ater Suction 
Saturated 
Suction Exceeded 
1.7 
6 
1000 
11.7 
Table 5 indicates that the 
c
o
v
e
r liners co
n
structed 
w
ith Soil I and Soil 6 are 
e
xpected to reach saturation during IRJ<Y<) and IO.O<Yo of the 5 year sim
ulation duration, 
re
specti\ely. 
Ihis prediction suggests that an
alyses of clay c
o
v
e
r liners that rely on the 
a
ssu
m
ption 
of saturated 
co
nditions 
m
ay be inappropriate. 
Such 
a
ssu
m
ptions likely 
result in o
v
e
r-e
stim
ates of the a
m
o
u
nt of leakage through the c
m
e
r liner. w
hile u
nder­
e
stim
ating the potential I'llI' desiccation cracking. 
5;ulIl/Jwrl' a!7d ( 'o!7clusio!7s 
The v
ariably saturated perform
ance of six 
co
m
pacted cia) 
soils as c
o
v
e
r liners 
w
as 
c
o
m
pared 
u
sing 
the 
H
ELP 
m
odel. 
The 
relationship betw
een 
the 
u
n
saturated 
v
olum
etric w
ater co
ntent and pore w
ater su
ction w
as determ
ined in the laboratory for 
each 
soil 
u
sing the pressure plate 
apparatus. 
The data w
as fit to the \an (Jenuchten 
m
odel of the soil-w
ater characteristic cu
rv
e (SW
CC) u
sing tw
o different optim
ization 
techniques. 
The shape of the tw
o 
resulting SW
C
C
s \vere v
ery sim
ilar for 
each of the 
six soils. although the v
alues of the individual cu
rv
e-fit param
eters \aried significantly 
(exceeding I ()()O;) in 
so
m
e cases). 
The v
ariation in the 
shape of thl' 
resulting SW
CCs 
j'llr the six soils w
as m
u
ch greater than the \'ariation due to optim
ization technique. 
The 
c
o
v
e
r liner \vas 
m
odeled 
as 
a I'ertical jJercolatio!7 larer 
rather than the 
typical 
approach of u
sing the IIE
LI) option I'llI' a harrier soil la)'er. 
This w
as done to 
o\ercom
e the a
ssu
m
ption of c
o
ntinuous saturated co
nditions inherent in the harrier soil 
larer specification. 
The design 
of each c
o
v
e
r lincr sim
ulated \vas identical. the 
o
nly 
v
ariable being the input data set llsed for specificCltion of the sClturated and 
u
n
saturated 
soil 
characteristics. 
T\\o sim
ulations w
ere co
m
pleted for 
each of the c
o\cr liner soils 
that 
included 
the param
eter 
sets 
re
sulting from
 both 
types 
of sw
e
e
 
c
u
rv
e
-fitting 
ro
utines. The 
re
sults from
 the H
E
L
P 
sim
ulations 
show
ed that the 
m
o
nthly patterns 
of 
leakage 
w
e
re
 sim
ilar for all 
c
o
v
e
r liner soils. 
In 
addition, leakage through the c
o
v
e
r 
liner w
a
s relatively u
n
affected by the S
w
e
e
 c
u
rv
e
-fitting ro
utine adopted. 
H
ow
ever, 
the leakage v
a
ried significantly from
 
o
n
e
 soil to a
n
other. 
The c
o
v
e
r liner c
o
n
structed 
w
ith Soil 5 e
xhibited the greatest leakage, w
hile the c
o
v
e
r liner c
o
n
structed w
ith Soil 6 
e
xhibited the least leakage. 
A
lthough it is 
w
ell know
n that the 
relationship betw
een 
v
olum
etric w
ater c
o
ntent a
nd pore-w
ater pressure is hysteretic' o
nly the drying lim
b of 
the 
soil 
w
ater characteristic c
u
rv
e
 w
a
s u
sed in these sim
ulations. 
There m
ay be great 
v
a
riation in the soil w
ater characteristic behavior o
n
 the w
etting a
nd drying sides of the 
hysteretic 
c
u
rv
e
. 
Therefore, it 
m
ay be 
u
n
re
alistic 
to 
adopt 
the drying 
c
u
rv
e
 for 
sim
ulation of the infiltration process. 
E
vapotranspiration 
a
nd 
ru
n
off 
w
e
re
 
m
u
ch 
less 
v
a
riable 
than 
the 
leakage 
c
o
m
ponent. 
There w
a
s e
sse
ntially n
o
 
v
a
riation attributed to the different optim
ization 
approaches, w
ith o
nly m
inor v
a
riations due to c
o
v
e
r liner soil specification. 
C
hanges in soil m
oisture storage w
e
re
 c
alculated o
n
 a m
o
nthly basis for Soils 1 
and 6. 
The 
ra
nge in 
v
olum
etric 
w
ater 
c
o
ntents predicted for 
e
a
ch 
soil 
w
a
s 
v
e
ry 
different. 
The v
olum
etric w
ater c
o
ntents w
e
re
 c
o
n
v
e
rted to pore w
ater su
ctions u
sing 
the sw
e
c a
nd c
o
m
pared to a
n
 a
ssu
m
ed c
ritical v
alue of 200 kPa. 
C
ritical c
o
nditions 
w
ere e
x
c
e
eded 1.7
%
 
a
nd 11.7%
 of the tim
e for Soil 1 a
nd Soil 6, 
re
spectively. 
B
oth 
soils 
w
e
re
 predicted to be 
u
n
saturated during 
a 
significant portion 
of the five year 
sim
ulation 
period (82%
 
a
nd 
90%
 
of the 
tim
e 
for 
Soils 
1 
a
nd 
6, 
re
spectively). 
Sim
ulation 
of the 
v
a
riably 
saturated 
n
ature 
of the flow
 through 
the 
c
o
v
e
r liner is 
im
portant to re
alistically predict leakage behavior. 
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